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Transient Stability Analysis of SMES for Smart Grid
With Vehicle-to-Grid Operation
Diyun Wu, K. T. Chau, Senior Member, IEEE, Chunhua Liu, Member, IEEE, Shuang Gao, and Fuhua Li
Abstract—This paper present the transient stability analysis of
a power grid, which integrates both superconducting magnetic en-
ergy storage (SMES) and gridable vehicles (GVs). Also, vehicle-to-
grid (V2G) operation is devised to control GVs to charge from or
discharge to the grid. Simulations of various faults are carried out
under different penetration proportions of SMES and V2G power.
The results of load angle response and system voltage response are
given to illustrate that both SMES and GVs can enhance tran-
sient stability of the power grid. Moreover, the simultaneous use
of SMES and GVs can further improve the system dynamic per-
formances.
Index Terms—Gridable vehicles, smart grid, superconducting
magnetic energy storage, vehicle-to-grid.
I. INTRODUCTION
G RIDABLE VEHICLEs (GVs), including electric vehi-cles (EVs) and plug-in hybrid electric vehicles (PHEVs),
draw power from the grid to charge their batteries for vehic-
ular operation [1]–[4]. Vehicle-to-grid (V2G) technology is de-
veloped which allows GVs to absorb power from the grid or
delivery power back to the grid [5], [6]. Particularly, GVs can
help improve the power quality such as the transient stability at
the local power system with the charging/discharging facilities
such as the parking lots, public areas and communities.
Superconducting magnetic energy storage (SMES) is based
on a superconducting inductor or coil which is capable of storing
energy in the magnetic field. The most important merit of SMES
is that the time delay during charge/discharge is short. In recent
years, there have been some works [7]–[10] on using SMES to
improve the transient stability of the power system. However,
the use of SMES and GVs together for transient stability anal-
ysis is absent in literature.
GVs have the disadvantages of limited cycle life of batteries
and uncertainty of charging/discharging states. SMES suffers
from high cost and can only afford to store limited amount of
energy. Nevertheless, both GVs and SMES have the distinc-
tive merit of fast response. They can control active and reactive
power of the power system simultaneously with low losses and
low toxic emissions. Thus, one of the promising applications of
GVs and SMES is to complement one another to improve the
transient stability of the power system.
This paper analyses the transient stability of a system with
SMES and GVs. The power system stability problem is mainly
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caused by voltage and frequency changes during a fault con-
tingency. Thus, the key of this paper is to use the SMES and
GVs to adjust the active power and reactive power to support the
system. In order to analyze the system performance, both bal-
anced and unbalanced faults are conducted. The system model
is established and simulated using the Matlab/Simulink. The re-
sults of voltage response and load angle response are given to
illustrate the validity of the proposed SMES and GVs.
II. SYSTEM CONFIGURATION
Fig. 1 shows the configuration of the proposed power system.
This system consists of the main grid, the GV aggregation grid
and the SMES unit. In the main grid, a synchronous generator
(SG) feeds an infinite bus through a double circuit transmission
line. The SMES unit and the GV aggregation grid are connected
to the main grid at the generator terminal bus so that the power
flow at transient state can be effectively regulated. The SMES
unit consists of a thyristor-based SMES and a SMES controller.
The GV aggregation grid consists of an aggregation of GVs and
an aggregator. Each GV is connected to the power grid through
a DC/AC power converter. Both the SMES controller and ag-
gregator communicate with themain grid operator. They control
the SMES and GVs to charge or discharge a certain amount of
energy according to the power grid demands. The faults are as-
sumed to occur at point F on the transmission line.
Fig. 2 shows a typical nonlinear relationship between the bat-
tery voltage and discharge level. It can be seen that the battery
voltage drops drastically once the state of charge (SOC) is lower
than 20% or the depth of discharge (DOD) is higher than 80%.
In order to avoid damage of the battery and preserve the battery
life, the SOC considered in the proposed system is kept within
20%–95%.
Fig. 3 shows the configuration of the thyristor-based SMES
unit. Through controlling the firing angle of the thyristors, it
is easy to control the SMES unit to charge or discharge [8]. If
is less than 90 , the converter works as a rectifier while the
SMES unit charges power from the power grid. If is more
than 90 , the converter works as an inverter and the SMES unit
discharges power to the grid.
As depicted in Fig. 3, the DC side voltage is given by:
(1)
where is the no-load maximum DC voltage of the con-
verter. The relationship of the superconducting inductor current
and voltage are given by:
(2)
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Fig. 1. Configuration of proposed system.
Fig. 2. Typical battery discharge characteristic.
Fig. 3. Thyristor-based SMES unit.
where is the initial current of the superconducting in-
ductor. The active power and reactive power delivered or
absorbed by the SMES unit can be expressed as:
(3)
(4)
The energy stored in the magnetic field of the supercon-
ducting inductor during charging is given by:
(5)
where is the initial energy stored in the superconducting
inductor as given by:
(6)
III. CONTROL STRATEGY
A. V2G Control
V2G is implemented based on the aggregation of GVs. An ag-
gregator is introduced as the controller of V2G, which is respon-
sible for gathering a number of GVs and communicating with
the operator of power grid. GVs can be plugged in the power
grid when their SOC is in the range of 20%–95%. The aggre-
gator controls GVs and accordingly converters to achieve smart
charging-discharging. Firstly, the aggregator detects and records
the SOC of each GV. Then the battery voltage of each GV can
be determined through the mapping of the SOC to voltage as de-
picted Fig. 2. Secondly, the aggregator uploads the data of avail-
able GVs to the power grid operator. Once the power grid re-
quests power, the power grid operator sends signals to the aggre-
gator to lead the GVs discharging. If the GVs receive charging
signals, they respond to this demand in the ascending order of
the SOC. Or else, they receive discharging signals and respond
to it in the descending order of the SOC.
B. Active and Reactive Power Control
Generally, the active power control is for the purpose of fre-
quency regulation. And the reactive power control is for the pur-
pose of voltage stabilization. Thus, the active power transferred
in the power converter is controlled continuously depending on
the measured speed deviation of the turbine generator. And the
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Fig. 4. System equivalent circuit during faults.
reactive power transferred in the converter is controlled con-
tinuously depending on the measured voltage deviation of the
generator terminal bus.
Fig. 4 shows the equivalent circuit of the system during short
circuit faults, where , , , and are the equiv-
alent synchronous generator reactance, transformer 1 reactance,
transformer 2 reactance, transmission line reactance and addi-
tional short-circuit reactance, respectively; , , and are the
no-load electromotive force (EMF) of synchronous generator,
infinite bus voltage and generator terminal voltage, respectively;
, and are the electromagnetic power of synchronous
generator, transmission line power and tie-line power, respec-
tively.
The dynamical equations of the synchronous generator
during faults are represented by [9]:
(7)
If the phase of is set as the reference phase, the exchanged
power in the tie line can be represented by:
(8)
(9)
(10)
(11)
where is the position of rotor angular; is the synchronous
angular speed; is the mechanical power which cannot
change as fast as so that it equals when faults occur;
M and D are the inertia constant and the damping coefficient,
respectively; is the active power delivered or absorbed by
GVs; is the reactive power of the tie line; , are active
and reactive current in the tie line; and are active and
reactive current that SMES provides; and are active and
reactive current that GVs provide.
Fig. 5 shows the scheme of simultaneous P-Q control of the
power system where is the actual angular speed; is the an-
gular speed deviation which deduces the active power deviation
; and are actual and initial voltage of the generator
terminal bus, respectively; represents the deviation of the
generator terminal voltage which deduces the reactive power
deviation ; and are added to the nominal active
power and reactive power so as to deduce the reference
active power and reactive power , respectively; through
an upper and lower limiter, the required active power and
reactive power are determined according to the reference
Fig. 5. Simultaneous P-Q control scheme.
values; and are the control loop gains; is the trans-
ducer time constant.
Both SMES and GVs are controlled to achieve the targeted
active and reactive power. Namely, GVsmainly serve to support
the system during the transient state, while SMES functions to
work as an auxiliary device. Thus, the active and reactive power
demands are assigned to GVs prior to SMES.
IV. VERIFICATION RESULTS
The system dynamic performances are simulated under both
balanced and unbalanced faults, which are referred as the three-
phase to ground (3LG) fault and single-line to ground (1LG)
fault respectively. Typically, there are several hundreds of faults
per year in a metropolitan city such as Hong Kong, particularly
during thundering rainstorms. Thus, transient stabilization is es-
sential. The voltage response and load angle response are given
to illustrate the effect of transient stability with SMES and GVs.
The battery capacity of a single GV is selected as an average
of 15 KWh. The charging or discharging rate is selected as 1C
which means that the battery can be charged or discharged com-
pletely in one hour. Notice that the charging rate will not affect
the battery life which is actually governed by the number of cy-
cles between the full charge and the full discharge. Although the
GVs generally perform slow charging at C/5 for load leveling
during off-peak and night periods, they can perform charging
or discharging at 1C to provide a large current for transient sta-
bilization. The SMES utilizes the superconducting inductor of
1 H and offers the capacity of 500 MW for 1s. Simulations of
3LG and 1LG faults are performed based on the following three
different modes or scenarios:
• Mode I: The SMES and 5,000 GVs (about 0.15% of total
vehicles in a metropolitan city such as Hong Kong) are
connected to the system.
• Mode II: The SMES and 10,000 GVs are connected to the
system.
• Mode III: The SMES and 50,000 GVs are connected to the
system.
During the simulations, at least 50% of GVs are assured to
be available for the system regulation, which is reasonable for
practical application. Apart from the power provided by GVs,
the SMES provides the shortage to fulfill the system require-
ment. The synchronous generator of this system is set to 1000
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Fig. 6. Load angle responses under 3LG fault.
Fig. 7. Load angle responses under 1LG fault.
MVA. The system frequency at steady state is 50 Hz. Both the
3LG and 1LG faults separately occur at the point F of the trans-
mission line at 0.05s, and are cleared at 0.25s.
Firstly, Figs. 6 and 7 show the responses of load angle during
the 3LG and 1LG faults, respectively. It can be seen that the
load angle increases drastically during the faults. It is because
the active power cannot be transferred immediately and the gen-
erator rotor accelerates rapidly. At that time, GVs and SMES
start to absorb the active power, which decrease the difference
between the mechanical power and the electromagnetic power
as well as slow down the rotor. The load angle fluctuates most
significantly at the Mode III where GVs dominates the power
absorption as compared with SMES. With the decrease of GVs
and increase of SMES, the fluctuations of load angle at both the
Mode I and Mode II significantly decrease, and the load angle
returns to steady state very fast.
Secondly, Figs. 8 and 9 show the responses of generator ter-
minal voltage during the 3LG and 1LG faults, respectively. It
can be found that the voltage drops sharply during faults. At
that time, GVs and SMES start to deliver the reactive power
to compensate the voltage drop. The generator terminal voltage
fluctuates fiercely at the Mode III. As expected, at both Mode
I and Mode II, the voltage fluctuations are less significant and
stabilized to steady state very fast. It is due to the fact that the
more the contribution from SMES as compared with GVs, the
better the dynamic performance is resulted.
From the simulation results, it verifies that both SMES and
GVs can enhance the transient stability of power grid. Although
Fig. 8. Voltage responses under 3LG fault.
Fig. 9. Voltage responses under 1LG fault.
the effects involving different contributions of SMES and GVs
are different, all can successfully stabilize the power system
under various faults. The dynamic performances are better when
adopting more contribution from SMES than from GVs. How-
ever, the installation and maintenance costs of SMES are much
higher than that of GVs. The cost of the SMES can be evalu-
ated by using the unit cost of output power which is about 2000
USD/KW [10]. Therefore, when both SMES and GVs are inte-
grated into the power grid to improve transient stability under
faults, the SMES should be sized in such a way that the power
system can be reasonably stabilized under the minimum avail-
ability of GVs. Of course, the budget of SMES is an inevitable
constraint.
V. CONCLUSION
This paper has analyzed the transient stability of the pro-
posed power system integrated with SMES and GVs. The
system model is established to carry out computer simulations
under both 3LG and 1LG faults. The results of load angle
response and system voltage response are given to illustrate
the system dynamic performances. It can be found that both
SMES and GVs can enhance the transient stability of the power
grid. The dynamic performances are better when adopting
more contribution from SMES than from GVs. Considering
the high installation and maintenance costs of SMES, it is
recommended that the SMES should be sized in such a way
that the power system can be reasonably stabilized under the
minimum availability of GVs.
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